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The ING4 tumor suppressor plays a signiﬁcant role in various cancer-related cellular processes. AUF1
affects the stability and/or translation of multiple mRNAs via binding to an AU-rich element in the
30-untranslated regions. In this study, we identify AUF1 as a novel and direct binding partner of
ING4. mRNP immunoprecipitation assays indicated that ING4, AUF1 and MYC mRNA present in
the same mRNP complex. ING4 suppressed MYC protein expression without altering MYC mRNA lev-
els, and abolished the cell proliferation induced by AUF1 in K562 cells. These results suggest that
ING4 may regulate MYC translation by its association with AUF1.
Structured summary of protein interactions:
ING4binds to AUF1 p40 by pull down (View interaction)
ING4physically interacts with AUF1 by anti tag coimmunoprecipitation (View Interaction: 1, 2)
ING4binds to AUF1 p37 by pull down (View Interaction: 1, 2)
ING4 binds to AUF1 p42 by pull down (View interaction)
ING4binds to AUF1 p45 by pull down (View interaction)
ING4physically interacts with AUF1 by anti bait coimmunoprecipitation (View Interaction: 1, 2, 3, 4, 5, 6)
ING4binds to AUF1 by pull down (View interaction)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction An AU-rich element (ARE) in the 30-untranslated region (30UTR)ING4 (inhibitor of growth 4) plays an important role in various
cancer-related cellular processes, such as DNA repair, chromatin
remodeling, cell cycle control, apoptosis, proliferation, migration
and tumor angiogenesis [1–7]. ING4 contains a novel conserved re-
gion (NCR) in the N terminus, a nuclear localization signal (NLS) in
the central region, and a highly conserved plant homeodomain
(PHD) in the C terminus [1]. Previous studies suggest that many
functions of ING4 rely on its association with other proteins [8–
11]. ING4 binds to p53 and p300, and enhances the transcription
activity of p53 [8]. ING4 is a native subunit of an HBO1 histone ace-
tyltransferase (HAT) complex that is required for normal cellular
progression through S phase and histone H4 acetylation in vivo
[12]. A recent study found that speciﬁc recognition of histone H3
trimethylated at lysine 4 (H3K4me3) by the ING4 PHD ﬁnger is
critical for mediating ING4 tumor suppressor functions [13].of many short-lived mRNAs functions as an instability determinant
for these transcripts [14]. AU-rich RNA-binding factor 1 (AUF1 also
known as heterogeneous nuclear ribonucleoprotein D, hnRNP D) is
an ARE-binding protein family that consists of four isoforms. AUF1
proteins affect mRNA turnover by assembling other factors in vivo
[15]. All four AUF1 isoforms interact with heat-shock proteins
hsc70/hsp70, translation initiation factor eIF4G and poly(A)-bind-
ing protein (PABP) [16–18]. The AUF1 targeted mRNAs include
IL-3, TNF-alpha, GM-CSF, c-fos, p16INK4a, p21WAF1/CIP1 and cy-
clin D1 [19–22]. AUF1 was also shown to promote the translation
of MYC proto-oncogene (also known as c-MYC) mRNA and cell pro-
liferation via binding to the ARE element in the MYC 30UTR [23].
In this study, we identiﬁed AUF1 as a novel ING4-binding
protein by co-immunoprecipitation (co-IP) and mass spectromet-
ric analysis. We conﬁrmed that all four AUF1 isoforms directly
interacted with ING4 in vitro and in vivo. Moreover, ING4 could
associate with MYC mRNA through AUF1 and abolish AUF1-med-
iated effects on MYC expression and cellular proliferation in
K562 cells.
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2.1. Plasmids, recombinant proteins and antibodies
The pBAD-his-AUF1 (p37/p40/p42/p45) plasmids for prokary-
otic expression of the four AUF1 isoforms were kind gifts from
Prof. Gary Brewer [23]. The expression plasmids for pGEX5x-1-
ING4 and the ING4 variants were constructed as described previ-
ously [5,24]. The HA-tagged AUF1 (p37/p40/p42/p45) and Flag-
tagged ING4 expression vectors were constructed in pcDNA3.0
by PCR. A 400 bp fragment of the MYC 30UTR including the ARE
was ampliﬁed from K562 cells by RT-PCR and inserted into the
pGL3-control vector (pGL3-MYC-30UTR). All constructs were se-
quenced and the open-reading frame was veriﬁed as necessary.
The recombinant GST–ING4 and His–AUF1 fusion proteins were
expressed in E. coli and puriﬁed using an AKTAxpress protein
puriﬁer (GE Healthcare).
Mouse monoclonal anti-HA, anti-His and anti-cMyc (9E10) anti-
bodies from Sigma and rabbit polyclonal anti-AUF1 (Upstate) and
anti-ING4 were used for western blotting and immunoprecipita-
tion assays. The rabbit polyclonal anti-ING4 antibody was de-
scribed previously [5].
2.2. Cell culture and transfection
K562 (human chronic myeloid leukemia), HeLa (human cervi-
cal carcinoma) and HEK293 (human embryonic kidney) cells
(ATCC) were cultured at 37 C in 5% (v/v) CO2 using RPMI-1640
or DMEM-High medium supplemented with 10% (v/v) FBS
(GIBCO).
For transfection of HEK293 and HeLa cells, cells at 70–90% or
50% conﬂuence were transfected with plasmids or siRNA, respec-
tively, by Lipofectamine 2000 (Invitrogen). For K562 cells, 1  107
cells were transfected with 40 lg plasmid or 300 nM siRNA by
electroporation using a Gene Pulser (Bio-Rad).Fig. 1. Interaction of ING4 and AUF1. (A) Endogenous ING4 interacted with endogenou
between endogenous ING4 and AUF1 in HEK293 cells. HEK293 cells were lysed and immu
immunoprecipitations (IP) were analyzed by western blotting with AUF1 and ING4 anti
cells. HEK293 cells were transfected with pcDNA3.0-Flag-ING4 or control plasmid pcDN
western blotting using AUF1 antibodies. (C) The GST-pulldown assay demonstrated direct
panel showed 10% input of four isoforms of AUF1 protein using in the GST-pulldown ex
interacted with ING4. w indicates the degradation bands of GST–ING4.The sequences of the siRNAs were as follows: ING4 siRNA (si-
ING4), 50-UGCUCGUGCUCGUUCCAAAdTdT-30; and negative control
siRNA (siNC), 50-CUUACGCUGAGUACUUCGATT-30.
2.3. RNA extraction and real-time RT-PCR
Total RNA was extracted using Trizol solution (Invitrogen)
according to the manufacturer’s instructions. Total RNA was re-
verse-transcribed by SuperScript III (Invitrogen) with random
primers and subjected to SYBR Green-based real-time PCR analysis.
The mRNA expression levels were normalized against the GAPDH
control. At least three independent experiments were carried out
for each condition. Sequences of primers are listed in Supplemen-
tary Table 1.
2.4. Immunoprecipitation and GST-pull down assay
The immunoprecipitation assay was performed according to a
previously described protocol [24]. Brieﬂy, the cells were collected
in lysis buffer (50 mM Tris pH 7.4, 150 mMNaCl, 0.5% Triton X-100,
0.5% Nonidet P-40 and proteinase inhibitor). The cell lysates were
incubated with the indicated antibodies and protein G Sepharose
beads (Roche) at 4 C for 4 h or overnight. Each sample was washed
four times with lysis buffer and analyzed by western blotting. Pro-
tein samples were resolved by SDS–PAGE and transferred onto a
nitrocellulose membrane, which was then blocked in 5% skim milk
in phosphate-buffered saline containing Tween-20 (PBS-Tween)
and probed with the indicated antibodies. The membrane was
scanned using the Odyssey infrared imaging system (Li-COR) at
700 or 800 channel wavelength.
For the GST-pulldown experiment, GST or the GST–ING4 vari-
ants immobilized on glutathione-Sepharose beads were incubated
with 2 lg of puriﬁed AUF1 isoforms His-p37/p40/p42/p45 in NETN
buffer (20 mM Tris–HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5%
NP40) at 4 C for 2 h. The beads were washed four times with NETNs AUF1. Reciprocal co-immunoprecipitation experiments revealed the interaction
noprecipitated with anti-AUF1 or anti-ING4 antibody. Whole cell lysates (WCL) and
bodies. (B) Ectopic ING4 interacted with all endogenous AUF1 isoforms in HEK293
A3.0. The cells lysates were immunoprecipitated with Flag-beads and analyzed by
binding between ING4 and all AUF1 isoforms p37/p40/p42/p45 in vitro. The bottom
periment. (D) In vitro binding assay showed that recombinant His-p37AUF1 directly
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lowed by western blotting.
2.5. Messenger ribonucleoprotein particles (mRNPs)
immunoprecipitation assay
Immunoprecipitation of RNA–protein complexes was per-
formed by a protocol modiﬁed from other ribonucleoprotein
immunoprecipitation (RIP) assays [23]. Brieﬂy, 5  107 untransfec-
ted K562 cells, 1  107 HEK293 cells transfected with Flag-ING4 or
HA-AUF1 and pGL3-control or pGL3-MYC-30UTR, or 1  107 K562
cells transfected with Flag-ING4 and HA-AUF1 were harvested.
The cells were lysed at 4 C for 30 min in 200 ll/107 cells of lysis
buffer (10 mM HEPES pH 7.0, 100 mM KCl, 5 mM MgCl2, 0.5%
NP40, 10 lM DTT, 5 ll/ml RNase inhibitor 40 U/ll, 10 ll/ml prote-
ase inhibitor). The cell lysates were diluted in NT-2 buffer (150 mM
NaCl, 1 mM MgCl2, 50 mM Tris–HCl pH 7.4, 0.05% Nonidet P-40)
containing RNase inhibitor and protease inhibitors, and precleared
with 20 lg normal rabbit IgG for 45 min on ice. The samples wereFig. 2. ING4 associates with MYC mRNP. (A) The interaction between ING4 and AUF1 wa
Flag-ING4 were lysed in the presence or absence of RNase inhibitor. Whole cell lysates
blotting with anti-AUF1 and anti-Flag antibodies. Flag-ING4 + RI: co-IP of lysates contain
RNase A (10 mg/ml); Flag-ING4 + DNase: co-IP of lysates containing 5 ll DNase I (
immunoprecipitation (IP) analysis. K562 cell lysates were immunoprecipitated with anti-
mRNA in the supernatants were extracted. Real-time RT-PCR (upper panel) and semiqu
from immunoprecipitation with normal rabbit IgG (IgG) was used as control. (C) Both AU
HA-AUF1 and pGL3-MYC-30UTR or pGL3-control were collected and lysed. HA-AUF1
respectively. The mRNA bound to HA-AUF1 or Flag-ING4 was extracted and analyzed by
were in the same mRNP complex. K562 cells were transfected with Flag-ING4 and HA-A
antibody. The mRNA bound to both AUF1 and ING4 was extracted and analyzed by RT-then incubated with 50 ll of protein G-Sepharose beads for 3 h at
4 C with rotation. The supernatant was collected by centrifugation
and used for mRNA immunoprecipitation.
To immunoprecipitate the endogenous mRNP, 1.5 mg of cell ex-
tract was incubated with 20 lg anti-ING4 or anti-AUF1 antibody
and 100 ll protein G-Sepharose beads in 800 ll of NT-2 buffer con-
taining RNase inhibitor and protease inhibitors overnight at 4 C
with rotation. For transfected cells, 5 lg anti-HA or anti-Flag anti-
body was used per 500 lg of cell lysate. The beads were washed 8
times with NT-2 buffer. Half of the beads were boiled for western
blot analysis. The other half was incubated with 20 units of RNase-
free DNase I in 100 ll of NT-2 buffer for 20 min at 37 C and further
digested with 0.5 mg/ml proteinase K in 100 ll of NT-2 buffer con-
taining 0.1% SDS at 55 C for 30 min. The total RNA was then ex-
tracted from the solution by phenol/chloroform followed by
ethanol precipitation and subjected to RT-PCR analysis.
For secondary mRNP immunoprecipitation, the HA-AUF1–RNA
complex was ﬁrst immunoprecipitated with anti-HA antibody
and eluted with 250 ll NT-2 buffer containing 100 mM DTT ats enhanced by RNase inhibitor and reduced by RNase. HEK293 cells transfected with
(WCL) and immunoprecipitations (IP) with Flag-beads were analyzed by western
ing RNase inhibitor (400 U/ml); Flag-ING4 + RNase: co-IP of lysates containing 5 ll
5 U/ll). (B) The association of ING4 with MYC mRNA was detected by mRNP
AUF1 or anti-ING4 antibody, and mRNA bound to endogenous AUF1 or ING4 and free
antitative RT-PCR (lower panel) were performed with primers for MYC cDNA. RNA
F1 and ING4 bound to the MYC 30UTR. HEK293 cells transfected with Flag-ING4 or
and Flag-ING4 were immunoprecipitated with anti-HA and anti-Flag antibody,
real-time RT-PCR using primers for luciferase (LUC). (D) ING4, AUF1 and MYC mRNA
UF1. Sequential mRNP-IP was performed ﬁrst with HA antibody, and then with Flag
PCR.
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diluted in NT-2 buffer. The Flag antibody was then used to immu-
noprecipitate Flag-ING4 associated with HA-AUF1. RNA extraction
and RT-PCR analysis was performed with both HA and Flag
immunoprecipitations.
2.6. Cell proliferation assay
K562 cells (3  103) transfected with the indicated plasmids
were cultured in 96-well plates for 6 days. The cell proliferation
was examined during the time course using the Cell Counting
Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan) according
to the manufacturer’s instructions. Brieﬂy, 10 ll of reagent was
added to 100 ll of culture medium in a 96-well plate, and plates
were incubated for 1 h at 37 C in 5% CO2. The 450-nm absorbance
values measured using a BioTek multifunctional microplate reader
were directly proportional to the number of viable cells in culture.
3. Results
3.1. ING4 interacts with AUF1
To identify novel ING4-interacting proteins, endogenous ING4
protein was immunoprecipitated from HeLa cell lysates using aga-
rose-conjugated anti-ING4 antibody. The immunoprecipitated-Fig. 3. ING4 inhibits MYC protein expression. (A) ING4 overexpression decreased the ex
Flag-ING4 or control plasmid. Western blot was used to analyze MYC expression. (B) The
real-time RT-PCR. ⁄P < 0.05. (C) MYC protein expression levels were increased in K562
(siING4) or control siRNA (siNC). MYC protein levels were analyzed by western blotting.
ING4 overexpression did not enhance the degradation of MYC protein. HeLa cells transfe
ml). Protein extracts, prepared at indicated time points after addition of CHX, were analy
calculated (right).ING4 complex was resolved by SDS–PAGE and visualized by silver
stain (Fig. S1A). Several bands were observed and subsequently ex-
cised for proteolysis and peptide sequencing analysis by mass
spectrometry. Two of the bands (approximately 37 and 40 kDa)
were characterized as two isoforms of the RNA-binding protein
AUF1 (hnRNP D). To conﬁrm the interaction between ING4 and
AUF1, we performed reciprocal immunoprecipitation experiments
using whole cell lysates of HEK293 and HeLa cells (Figs. 1A and
S1B). Both endogenous AUF1 and ING4 were able to co-immuno-
precipitate with each other, conﬁrming AUF1 as a novel binding
partner of ING4. The AUF1 family contains four protein isoforms,
named p37, p40, p42 and p45 according to their apparent molecu-
lar mass, which are generated by alternative precursor mRNA
splicing. Co-immunoprecipitation of HEK293 cells transfected with
Flag-ING4 clearly demonstrated the interaction of ING4 with all
isoforms of AUF1 (Fig. 1B).
We next investigated whether the interaction between ING4
and AUF1 was mediated through direct binding or indirectly via
other protein partners. We performed a GST-pulldown assay using
recombinant GST–ING4 and the His tagged AUF1. GST–ING4 was
recovered by glutathione Sepharose-GSH resin chromatography,
and the association of His-AUF1 was examined by immunoblot
analysis using anti-AUF1 antibody. All four AUF1 isoforms directly
interacted with ING4 (Fig. 1C). There were no interactions between
the AUF1 isoforms and GST alone (Fig. 1C). The reciprocal in vitropression of MYC protein in K562 cells. K562 cells were transfected with pcDNA3.0-
mRNA levels of MYC and ING4 in K562 cells overexpressing ING4 were detected by
cells with ING4 knockdown. K562 cells were transfected with siRNA against ING4
(D) Knockdown of ING4 in K562 cells did not affect MYC mRNA levels. ⁄P < 0.05. (E)
cted with ING4 or control plasmid were treated with cycloheximide (CHX, 100 lg/
zed by western blotting (left). Quantiﬁcation of the density ratio of MYC/actin was
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alone, directly bound recombinant His-p37AUF1 (Fig. 1D). These
data revealed a direct association between ING4 and AUF1, and
suggested that ING4 may function together with the RNA-binding
protein AUF1 to regulate gene expression.
3.2. ING4 associates with MYC mRNA
The AUF1 ARE-binding protein has been reported to promote
the degradation of mRNAs encoding IL-3, GM-CSF, and cyclin D1,
and accelerate the translation of MYC mRNA [20–22]. ING4 has
been shown to be involved in chromatin remodeling through rec-
ognition of trimethylated-K4 in the histone-3 tail (H3K4me3) via
its conserved PHD domain [13]. We next investigated whether nu-
cleic acid, including RNA and DNA, affected the binding of ING4
and AUF1 using co-IP assays in K562 cells. Addition of RNase de-
creased the interaction between ING4 and AUF1, whereas DNase
had no effect on their association (Figs. 2A and S2). Moreover,
RNase inhibitor enhanced ING4–AUF1 complex formation
(Fig. 2A). These data suggested that RNA but not DNA could be in-
volved in the association between ING4 and AUF1.
To identify the potential mRNA target of ING4, we next per-
formed mRNP immunoprecipitation assays in K562 cells. The
mRNA bound to endogenous AUF1 or ING4 was immunoprecipi-
tated and analyzed by RT-PCR. Interestingly, the results showed a
clear association of ING4 with MYC mRNA (Fig. 2B). AUF1 binds
with MYC mRNA through its 30UTR. To evaluate whether ING4 also
associates with the MYC 30UTR, we generated a luciferase plasmid
that contains the MYC 30UTR (pGL3-MYC-30UTR). Using this con-
struct, we demonstrated that both AUF1 and ING4 interacted with
MYC mRNA through its 30UTR (Figs. 2C and S3A–C). We next per-
formed a sequential mRNP immunoprecipitation assay to evaluate
the potential reciprocity of ING4, AUF1 and MYC mRNA associa-
tions. Whole cell lysates from K562 cells transfected with
HA-AUF1 and Flag-ING4 were ﬁrst immunoprecipitated with HAFig. 4. ING4 abolishes the cell proliferation induced by AUF1 in K562 cells. (A) K562 cell
by the CCK-8 assay. (B) The expression levels of MYC, AUF1 and ING4 proteins in K562
calculated by the density ratio of MYC/actin from western blotting of three independen
experiments were repeated at least three times and data are presented as means and Santibody and the AUF1–mRNP complex was eluted. Next, Flag anti-
body was used to isolate Flag-ING4 from the eluant. The endoge-
nous mRNA was extracted from the ﬁrst IP (bound to AUF1) and
the second IP (bound to the AUF1–ING4 complex), and analyzed
by real-time RT-PCR. The results demonstrated that MYC mRNA
associated with ING4 and AUF1 simultaneously, suggesting that
ING4, AUF1 and MYC mRNA were in the same mRNP complex
(Figs. 2D and S3D).
3.3. ING4 regulates MYC expression
The role of AUF1 in MYC expression is controversial. AUF1 was
ﬁrst reported to accelerate the decay of MYC mRNA [25]. However,
a more recent study revealed that AUF1 promotes the translation
of MYC mRNA [23]. To investigate the potential effect of ING4 on
MYC mRNA, we assessed MYC mRNA and protein levels in K562
cells using real-time RT-PCR and western blot. Overexpression of
ING4 decreased MYC protein expression, but did not alter MYC
mRNA levels (Fig. 3A and B). In contrast, depletion of ING4 by
RNA interference signiﬁcantly increased the expression of MYC
protein in K562 cells without affecting its mRNA abundance
(Fig. 3C and 3D). Similar results were also obtained in HeLa cells
(Fig. S4A). We next evaluated the effect of ING4 on MYC protein
degradation in HeLa cells. Treatment with the MG132 proteasome
inhibitor did not abolish ING4-mediated reduction of MYC protein
expression (Fig. S4B). Moreover, overexpression of ING4 did not
accelerate the degradation of MYC protein in HeLa cells treated
with cycloheximide (CHX) (Fig. 3E and F). Taken together, these re-
sults indicate that ING4 may regulate the translation of MYC
protein.
3.4. ING4 inhibits the cell proliferation stimulated by AUF1
MYC is a transcription factor that is often aberrantly expressed
in human tumors and contributes to tumorigenesis. A previouss were transfected with the indicated plasmids, and cell proliferation was measured
cells were analyzed by western blotting. (C) The relative MYC protein levels were
t experiments. (D) The level of MYC mRNA was assessed by real-time RT-PCR. The
.D.
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MYC-dependent pathway [23]. Considering that AUF1 promotes
the translation of MYC while ING4 plays an inhibitory role in
MYC expression, we presumed that ING4 and AUF1 would have
opposite functions in cell growth. A previous report showed that
ING4 interacted with p53 and negatively regulated proliferation
of RKO and HepG2 cells, both of which express wild-type p53
[5,8]. To avoid possible complications from p53, the p53-null
K562 cells were used to analyze the effects of ING4 and AUF1 on
proliferation. As shown in Fig. 4A, while ectopic AUF1markedly en-
hanced cell proliferation, overexpression of ING4 signiﬁcantly sup-
pressed the proliferation of K562 cells. Co-transfection of ING4 and
AUF1 also reduced cell proliferation (Figs. 4A and S5). Western blot
analysis showed that AUF1 slightly enhanced MYC protein expres-
sion, whereas ING4 signiﬁcantly inhibited MYC expression
(Fig. 4B). Moreover, overexpression of ING4 reversed the effect of
AUF1 on MYC mRNA translation without altering MYC mRNA lev-
els (Fig. 4C and D). These data suggested that ING4 abolishes the
effects mediated by AUF1 on cell proliferation and MYC expression.
3.5. ING4 interacts with AUF1 through its NLS domain
ING4 comprises a PHD zinc ﬁnger domain in the C-terminal re-
gion, an NLS domain in the central region, and an NCR domain in
the N terminus [1]. To examine which domain of ING4 is required
for its interaction with AUF1, we performed GST-pulldown assaysFig. 5. The NLS domain of ING4 is critical for the interaction between ING4 and AUF1. (A)
novel conserved region; NLS, nuclear localization signal; PHD, plant homeodomain. (B) A
and various GST–ING4 mutants (upper panel). The molecular sizes are indicated on th
plasmid. The cells were lysed and immunoprecipitated with Flag beads. The whole cell
indicated antibodies. (D) K562 cells were transfected with the indicated plasmids, and c
three times and data are presented as means and S.D.with various GST–ING4 fusion and deletion mutants (Fig. 5A).
His-AUF1 bound to GST–ING4, GST–ING4DPHD, GST–ING4DNCR
and GST-ING4-NLS, but could not interact with GST-ING4-PHD,
GST-ING4-NCR, GST-ING4DNLS or GST alone (Figs. 5B and S6),
implying that the NLS domain is vital for ING4 binding to AUF1.
To conﬁrm the importance of the NLS domain for the interaction
of ING4 and AUF1 in vivo, plasmids expressing Flag-tagged ING4
and ING4DNLS were transfected into K562 cells. The interactions
between the exogenous ING4 variants and endogenous AUF1 were
examined by co-IP assays using the Flag antibody. As expected,
endogenous AUF1 only associated with full-length ING4 but not
ING4DNLS in vivo (Fig. 5C). Furthermore, while ectopic full-length
ING4 reduced MYC protein levels, ING4DNLS had no effect on the
expression of MYC protein, suggesting that the NLS domain of
ING4 is critical for ING4 suppression of MYC expression (Fig. 5C).
In addition, the cell proliferation assay also showed that ING4DNLS
could not affect AUF1-stimulated cell growth of K562 cells
(Fig. 5D). Together, these data revealed that the NLS region is
essential for both the association of ING4 with AUF1 and the effects
of ING4 on MYC expression and AUF1-related cell proliferation.
4. Discussion
ING4 is a regulatory protein that directly interacts with chroma-
tin and several transcription factors [7]. ING4 participates in tran-
scriptional regulation via its interaction with various DNA-bindingA schematic illustration of the GST–ING4 fusion protein and deletion mutants. NCR,
GST-pulldown assay evaluated direct interactions between recombinant His-AUF1
e left. (C) K562 cells were transfected with Flag-ING4, Flag-ING4DNLS or control
lysates and immunoprecipitations (IP) were analyzed by western blotting with the
ell proliferation was measured by the CCK-8 assay. The experiments were repeated
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inducible factor 1-a (HIF1) [8,10,11]. ING4 was also co-puriﬁed
with the HBO1/JADE histone acetyltransferase (HAT) complex that
is involved in chromatin modiﬁcation and activation of transcrip-
tion in response to DNA damage [26]. The association between
ING4 and H3K4me3 augments HBO1 acetylation activity on H3
tails and drives H3 acetylation at ING4 target promoters [12].
ING4 also co-localizes with Liprina1 in the lamellipodia of cells
and inhibits cell spreading and migration, suggesting that ING4
has additional functions in the cytoplasm [3]. All these studies
indicate that ING4 performs its biological functions by associating
with other proteins. In this study, AUF1, an RNA-binding protein,
was identiﬁed as novel partner of ING4. The association of ING4
and AUF1 in vivo was reduced by RNase but not DNase, indicating
that this association involved RNA binding but not DNA binding.
AUF1 is known to destabilize its target mRNAs, such as CCND1
and TNF-a [21]. However, AUF1 was reported to promote MYC
translation via binding to the MYC ARE motif [23]. A previous study
found that ING4 may interact with several ribosomal proteins,
implying that ING4 could be involved in the regulation of transla-
tion control [3]. Herein, we found that ING4 associated with MYC
mRNA and was present in the mRNP complex with AUF1 and
MYC mRNA. In addition, ING4 decreased MYC protein levels with-
out altering the levels of MYC mRNA or the degradation of MYC
protein, suggesting that ING4 could affect MYC mRNA translation.
Furthermore, ING4 abolished both the increase of MYC translation
and cell proliferation induced by AUF1. Thus, ING4 may affect the
dynamic control of MYC translation by association with AUF1. Pre-
vious studies demonstrated that the effect of ING4 on growth con-
trol is due to its association with partners such as p53 and HBO1
[5,26]. The ﬁndings from the current study support the belief that
ING4 controls cell growth via multiple regulatory mechanisms.
ING family proteins contain conserved PHD and NCR domains in
their C terminus and N terminus, respectively. Although the central
regions are not conserved among the family members, all contain
an NLS domain. The conserved domains of ING4 are essential in
the modulation of its function. The PHD ﬁnger serves as an impor-
tant effector domain for its binding to the H3K4me3 and HAT com-
plex [13]. ING4 associates with p53 via its NLS region, leading to
enhanced acetylation of p53 on Lys-382 and transcriptional activ-
ity of p53 [24,27]. ING4 dimerization through its N-terminal region
is essential for apoptosis and growth inhibition [28]. In this study,
we found that the NLS domain was also necessary for the binding
of ING4 to AUF1 and the suppression of MYC translation and cell
proliferation in p53-null K562 cells. However, NMR analysis has
shown that the central region of ING4 is disordered and ﬂexible,
and binds to p53 with very low afﬁnity [29]. In addition, the NLS
region of ING4 is required for its nuclear localization. Therefore,
further studies need to address whether other functional domains
and/or the subcellular localization of ING4 affect its association
with AUF1 in vivo and its effect on MYC translation.
In summary, here we have identiﬁed a novel ING4-associated
protein, AUF1, which directly binds ING4 in the MYC mRNP com-
plex. The ﬁnding that ING4 may function as a regulator of MYC
translation sheds a new light on our understanding of the biologi-
cal role of the ING4 candidate tumor suppressor, in addition to its
documented nuclear transcriptional regulation function. The
mechanism of ING4 in the dynamic control of MYC translation
therefore merits further investigation.
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